• CD34 ϩ progenitor cell frequency is reduced in older subjects, and is influenced by environmental factors such as smoking and statin use.
Introduction
Circulating blood CD34 ϩ cells are a heterogeneous population of hematopoietic stem/progenitor cells, angiogenic cells, and endothelial cells. The CD34 ϩ phenotype is an indicator of progenitor cell activity, and CD34 ϩ cells are widely used clinically in stem/ progenitor cell transplantation in hematology and oncology. [1] [2] [3] Circulating CD34 ϩ progenitor cells may contribute to vascular health, 4, 5 as suggested by experimental studies indicating that CD34 ϩ or CD34 ϩ /CD133 ϩ cells have endothelial progenitor cell or vasculogenic capacity, 6, 7 although the relative contributions of endothelial differentiation versus paracrine signaling remains controversial. Furthermore, administration of autologous CD34 ϩ cells promotes neovascularization in both animals and humans and may ameliorate refractory angina 8 and limb ischemia 9 in patients with vascular disease. Therefore, a greater understanding of the role of CD34 ϩ populations in vascular diseases is warranted.
Numerous studies have attempted to correlate CD34 ϩ and CD34 ϩ /KDRϩ cell frequency with vascular states in the context of cardiovascular disease (CVD), 10 autoimmune and inflammatory disorders, 11, 12 pulmonary disease, 13, 14 and cancer. 15, 16 Data from smaller studies in selected populations have reported an inverse association of circulating angiogenic cell phenotypes with cardiovascular risk factors, 17 subclinical markers of endothelial dysfunction, 18, 19 and incident cardiovascular events. 20, 21 However, these studies varied in the inclusion of patients at known high risk of CVD, which could have altered the function of BM or stem cell compartments. There are few data on the clinical correlates of CD34 ϩ frequency from community-based cohorts. Furthermore, little is known about the heritability, genetic, and environmental factors that influence interindividual variation in circulating CD34 ϩ concentrations and such information may have both biologic and clinical relevance. To clarify these issues, in the present study, we investigated the correlates of circulating CD34 ϩ frequency in PBMCs from participants in a large, community-based ambulatory sample.
Methods

Study sample
The Framingham Heart Study was initiated in 1948, when 5209 residents of Framingham, MA, were enrolled in a prospective cohort study to identify risk factors for CVD. 22 In 1971, 5124 additional participants (offspring of the original cohort subjects, and their spouses) were enrolled in the Framingham Offspring Study. 23 All offspring study participants receive routine examinations approximately every 4 years. Of the 3021 participants who attended the eighth offspring examination cycle (2005) (2006) (2007) (2008) , 1786 had assessment of CD34 ϩ . Of the total sample with CD34 ϩ assessed, the majority (n ϭ 1595) of participants did not have known CVD defined as history of myocardial infarction, coronary insufficiency, stroke, or heart failure. All participants gave written informed consent in accordance with the Declaration of Helsinki. The institutional review board of the Boston University School of Medicine approved all study protocols.
Clinical assessment
Participants underwent a standardized medical examination and laboratory assessment of cardiovascular risk factors at the Framingham Heart Study examination. Systolic and diastolic blood pressures were the average of 2 physician-measured readings. Body mass index was calculated as weight divided by height squared (kg/m 2 ). Blood was drawn for glucose, total and high-density lipoprotein (HDL) cholesterol, and triglycerides after an overnight fast. Use of lipid-lowering, antihypertensive, and hormone replacement therapies and cigarette smoking (regular smoker within the past year) were self-reported. Diabetes was defined as having a fasting glucose Ն 126 mg/dL or use of medications to treat diabetes.
CD34 ؉ cell phenotyping
All blood specimens for cell phenotyping were collected from fasting participants in the morning between 8 and 9 AM. Each blood sample underwent initial centrifugation and the resulting buffy coat was further processed for cell phenotyping within 4 hours of specimen collection as described previously 1, 24 with modifications. Specifically, buffy coat samples were diluted to 10.5 mL with PBS (Invitrogen) and layered over 5 mL of Ficoll (Amersham Pharmacia Biotech). Samples were centrifuged at 800g for 15 minutes at 10°C. PBMCs were isolated from the buffy coat using Ficoll density-gradient centrifugation, incubated for 15 minutes at room temperature with Fc block (Miltenyi Biotec), and then incubated for 25 minutes on ice with anti-CD34 FITC human antibody (BD Pharmingen). Stained cells were fixed in 2% paraformaldehyde and stored at 4°C for no longer than 3 days to maintain fluorescence intensity. Samples were batched, and expression of the surface markers was evaluated by FACS analysis; the number of positive cells was quantified using a FACSCalibur flow cytometer (BD Biosciences) equipped with a high-throughput 96-well sample plate with fluorochrome-matched IgG isotype controls. FACS plot analysis was blinded. Data were analyzed via FlowJo Version 8.8.7 software (TreeStar) using population gating on CD34 ϩ events as a percentage and frequency of total nucleated events (see supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Genotyping
In the Framingham Heart Study, genotyping was performed by Affymetrix using their 500K GeneChip array with a custom-designed gene-centric 50K molecular inversion probe. The BRLMM algorithm was used to call Affymetrix 500K genotypes. 25 26 A total of 200 biologically unrelated subjects with high-quality genotype data (missingness Ͻ 0.011 and low Mendelian errors) were used to infer model parameters first, and then the model was applied to all 8481 subjects who were genotyped.
Statistical analyses
Because of skewed distribution, CD34 ϩ and triglycerides were natural logarithmically transformed before analyses. In the total sample, we examined the relations of CD34 ϩ with prevalent CVD. We analyzed clinical correlates of CD34 ϩ in 1595 participants free of CVD at the time of examination. Multiple linear regression was used to model the relations of CD34 ϩ with the following covariates: age, sex, systolic blood pressure, diastolic blood pressure, body mass index, fasting glucose, total cholesterol, HDL cholesterol, LDL cholesterol, log-triglycerides, hypertension (systolic blood pressure Ն 140 mmHg or diastolic blood pressure Ն 90 mmHg or taking antihypertensive medications), diabetes, smoking status, and specific medications (ACE inhibitors, angiotensin receptor blockers, ␤-blockers, calcium-channel blockers, diuretics, hormone replacement therapy, and statins). Stepwise regression models were used to associate CD34 ϩ with variables with P Ͻ .10 in individual models. We also performed analyses relating CD34 ϩ to the Framingham Risk Score 27 in the sample free of CVD. Our sample size, with N ϭ 1595 independent observations and a fixed significance level ␣ ϭ 0.05, afforded 80% power to detect a significant result for a variable accounting for 0.49% of the variance in CD34 ϩ .
In secondary analyses, we repeated analyses using generalized estimating equations 28 to account for correlations among related subjects (siblings) in the study sample (SAS PROC GENMOD). All analyses were performed using SAS Version 9.1.3. statistical software. P Ͻ .10 was the criterion for covariates to enter and remain in stepwise regression models, and a 2-tailed P Ͻ .05 was considered statistically significant.
Heritability
For each of the transformed progenitor cell phenotypes, we obtained ageand sex-specific models; the residuals of each model were percentiled (ranked) and the equivalent percentile value from a normal distribution was substituted to fit a normal distribution (ie, the residuals were rank normalized). The normalized variables for each cell phenotype were then used as the dependent variables for estimation of heritability (h 2 ). The heritability estimates, defined as the proportion of total variation explained by additive genetic effect, were computed using the Sequential Oligogenic Linkage Analysis Routines (SOLAR) Version 2.1.4. 29
Genetic determinants
We performed the genetic association analyses in the total study sample, including participants with previous CVD, to maximize statistical power. We created age-and sex-adjusted residuals of log-transformed CD34 ϩ . These residuals were tested for association with each imputed (approximately 2.5 million) SNP under an additive genetic model using the linear mixed effects model in the R-GWAF package to account for relatedness. 30 We selected a P threshold of 5 ϫ 10 Ϫ7 for genome-wide statistical CLINICAL AND GENETIC CORRELATES OF CD34 ϩ FREQUENCY e51 BLOOD, 21 FEBRUARY 2013 ⅐ VOLUME 121, NUMBER 8
For personal use only. on April 2, 2017. by guest www.bloodjournal.org From significance (and 5 ϫ 10 Ϫ6 for associations of moderate statistical significance), which is the threshold used by the Wellcome Trust Case-Control Consortium and accounts for approximately 1 million independent tests given the known high correlation among the majority of identifiable SNPs. 31 For 2.5 million tests, this threshold provides an expectation of Ͻ 1.25 false-positive results across the genome. The threshold for moderate genome-wide statistical significance (5 ϫ 10 Ϫ6 ) was considered to identify all potential loci of interest. 31 Given the uniqueness of measuring CD34 ϩ in a large, community-based cohort, a replication sample was not available for the present study.
Results
Clinical characteristics of the total sample and the subset without prevalent CVD are shown in Table 1 . The mean (Ϯ SD) age was 66 Ϯ 9 years and 54% of the subjects were women. The median CD34 ϩ count was 0.076% (interquartile range, 0.057), with a corresponding median CD34 ϩ frequency of 7.6 ϫ 10 Ϫ4 .
Clinical correlates
CD34 ϩ cell frequency was log-transformed before analyses, because of right-skewed distribution. (Henceforth, we will refer to log CD34 ϩ frequency as simply CD34 ϩ frequency.) In age-and sex-adjusted analyses performed in subjects without prevalent CVD, CD34 ϩ was inversely associated with age, female sex, HDL cholesterol, and cigarette smoking, and positively associated with body mass index, weight, log triglycerides, hypertension, and statin therapy ( Table 2 ). In stepwise multivariable-adjusted analyses, CD34 ϩ was inversely associated with older age (P Ͻ .0001), female sex (P Ͻ .0001), and cigarette smoking (P ϭ .009), and positively associated with weight (P ϭ .003), total cholesterol (P ϭ .001), and statin therapy (P Ͻ .001). Statin therapy remained significantly associated with CD34 ϩ in multivariable analyses even after adjusting for total cholesterol level. In additional analyses adjusting for age, sex, weight, smoking status, total cholesterol, and statin therapy, a multiplicative term representing the interaction between total cholesterol and statin use was not significant (P ϭ .37). We observed an inverse relation of CD34 ϩ with the Framingham Risk Score that was statistically significant in men Data are from the subset of subjects without known cardiovascular disease (n ϭ 1595). The CD34 ϩ variable is log transformed. Coefficients (SE) represent change logCD34 ϩ per increase in the value of the covariates shown (by 1 SD for continuous variables). In age-and sex-adjusted models, the association with age is adjusted for sex and the association with sex is adjusted for age.
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of a statistically significant association between CD34 ϩ frequency with the risk score when excluding the contribution of age in both men (P ϭ .60) and women (P ϭ .29). In analyses of the total sample, CD34 ϩ was not associated with prevalent CVD (P ϭ .69). When these analyses were repeated using generalized estimating equations, the results were similar (data not shown). Overall, the clinical covariates included in multivariable analyses accounted for 6.3% of the variability in CD34 ϩ .
Heritability
We then estimated the heritability of CD34 ϩ cell frequency using variance component methods implemented in SOLAR on sibshippair and spouse-pair data. The heritability of CD34 ϩ was estimated at 53.9% Ϯ 9.2% (mean Ϯ SE) in age-and sex-adjusted analyses, and was highly statistically significant (P Ͻ .0001). There were a total of 516 sibling pairs and 277 spousal pairs in the total sample of 1786 participants with CD34 ϩ frequency phenotyped. In this sample, the between-sibling correlation of CD34 ϩ was 0.29 Ϯ 0.05 (P Ͻ .0001) and between-spouse correlation was 0.10 Ϯ 0.07 (P ϭ .16).
Genetic correlates
The heritability estimation described in the preceding section raised the possibility that individual CD34 ϩ frequency might be associated with polymorphisms at defined genetic loci. Therefore, we performed a genome-wide association study for CD34 ϩ frequency in the entire sample. The genomic inflation factor (lambda) was small at 1.0003, which is consistent with minimal population stratification. Figure 1 shows the P values (Ϫlog base 10 scale) for the associations of the individual SNPs with CFU plotted against chromosomal position. The individual variants with the strongest associations are listed in Table 3 . Common variants at 4 loci had suggestive associations with CD34 ϩ : rs2183383 (P ϭ 6.67 ϫ 10 Ϫ7 ) at chromosome position 11p11 (near the OR4C12 gene), rs11121242 (P ϭ 8.81 ϫ 10 Ϫ7 ) at chromosome position 1p36 (near ENO1 and RERE), rs976760 (P ϭ 2.86 ϫ 10 Ϫ6 ) at chromosome position 7p21 (within DGKB), and rs1943535 (P ϭ 4.61 ϫ 10 Ϫ6 ) at chromosome position 18q12 (near DSC3).
Discussion
In the present study, we report the clinical and genetic correlates of circulating CD34 ϩ cells in a community-based sample of predominantly healthy men and women. Our principal findings are 3-fold. First, we observed inverse associations between CD34 ϩ and a subset of traditional cardiovascular risk factors (eg, age and smoking). In addition, lower CD34 ϩ was related to higher overall risk factor burden in men, as reflected by the Framingham Risk Score, although this was largely attributable to the inverse relationship of CD34 ϩ with age. Second, the CD34 ϩ trait was highly heritable, but was also associated with environmental factors such as smoking (negative association) and statin use (positive association). Third, we identified potential novel associations between CD34 ϩ and genetic variants at several loci that were deemed MAF indicates minor allele frequency; A1, major allele; and A2, minor allele. *The regression coefficients shown can be used to estimate the magnitude of association between the SNP and CD34 ϩ frequency. For example, the presence of the OR4C12 polymorphism is associated with an e (Ϫ0.22) ϭ 0.80, or 20% lower CD34 ϩ frequency. Therefore, for a subject with the median value of CD34 ϩ frequency (ie, 0.076% or 7.6 ϫ 10 Ϫ4 ), the presence of this polymorphism would be associated with a 1.5 ϫ 10 Ϫ4 lower CD34 ϩ frequency.
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To our knowledge, the present study is the largest to date to assess the relationship of the CD34 ϩ phenotype with cardiovascular risk factors using a well-defined community cohort with a low frequency of prevalent CVD. To measure CD34 ϩ cell frequency, we used a flow cytometric protocol originally developed to study CD34 ϩ progenitor cell response to antiangiogenic therapy in cancer patients 1 and adapted it to enable high-throughput analysis of large numbers of samples. Age, weight, and female sex were the strongest clinical determinants of circulating CD34 ϩ frequency. Interestingly, prior stem cell transplantation studies have shown that similar clinical factors are inversely correlated with the mobilization of peripheral blood CD34 ϩ cells in response to G-CSF. 32 This suggests that factors contributing to steady-state CD34 ϩ frequency may also contribute to CD34 ϩ mobilization. Our data did indicate some clinical associations that were not in the expected direction. In age-and sex-adjusted analyses, higher CD34 ϩ frequency was associated with prevalent hypertension, higher triglycerides, and lower HDL; lack of significance for these associations in multivariable analyses suggests the presence of confounding by other clinical covariates such as body size. The association of higher CD34 ϩ frequency with greater weight remained significant after multivariable adjustment and is consistent with previous studies, 32 suggesting a positive effect of body size on CD34 ϩ mobilization and/or stores.
Our present data also demonstrate that CD34 ϩ frequency was positively correlated with both higher total cholesterol and statin therapy in multivariable-adjusted analyses. Total cholesterol remained significantly associated with CD34 ϩ even after adjusting for statin use, suggesting an independent relationship that could be related to body size and/or as-yet-unidentified factors. The association of statin use with higher CD34 ϩ also remained significant even after adjusting for total cholesterol and lipid subfractions. While interpreting our data with caution, these findings support the hypothesis that levels of circulating progenitor cells may be influenced therapeutically. Prior studies in selected populations have measured directly the effect of statins on progenitor cells in patients with CVD. For example, short-term treatment with rosuvastatin increased the 24-hour mobilization of CD34 ϩ /KDR ϩ and CD34 ϩ /CD133 ϩ /KDR ϩ cells in patients with congestive heart failure. 33 Moderate-dose atorvastatin increased CD34 ϩ cells in patients with myocardial infarction 34 and intensive (compared with low-dose) atorvastatin significantly increased CD34 ϩ /KDR ϩ frequency in patients undergoing angioplasty. 35 Although atorvastatin therapy has also been associated with increased circulating progenitor cells in patients with stable coronary artery disease, 36,37 the longer-term effects of statin therapy on progenitor cell quantity have yet to be established. 38 In contrast to the effect of statins, we observed in the present study an inverse correlation between tobacco use and CD34 ϩ frequency, a finding that is consistent with results of a study of circulating CD34 ϩ cells in young, healthy women. 39 These data suggest the potential of pharmacologic or other external stimuli to either positively or negatively influence progenitor populations. Further research into the mechanisms by which statins influence circulating CD34 ϩ progenitor cell frequency is warranted.
Therapeutic interventions designed to augment CD34 ϩ cell quantity via BM transplantation or peripheral blood cell mobilization have been used for some time in the treatment of malignant hematologic disease. Accumulating data now suggest a possible role for stem/progenitor cells in the treatment of CVD. MartinRendon et al performed a meta-analysis of 13 randomized controlled trials of BM-derived stem cells for the treatment of acute myocardial infarction. 40 Although CD34 ϩ purification was not performed, data from these heterogeneous trials demonstrated benefits of BM-derived stem cells with respect to improved left ventricular ejection fraction and myocardial lesion area compared with controls; improvements were noted particularly within subgroups in which cells were infused Ͻ 7 days after myocardial infarction and in which dose of cells was Ͼ 10 8 . Quyyumi et al have reported the use of CD34 ϩ -enriched cells for the treatment of ST elevation myocardial infarction 41 ; these data demonstrated increased myocardial perfusion when high doses (Ͼ 10 6 ) of CD34 ϩ cells were infused. Recently, Losordo et al reported on a phase 2 randomized trial of intramyocardial, autologous CD34 ϩ cell therapy for refractory angina. In that study, CD34 ϩ cellular therapy led to decreased angina frequency and increased exercise tolerance. 8 Therefore, elucidating factors associated with CD34 ϩ frequency and identifying potential pharmacologic modifiers are relevant to both cardiovascular and hematologic disease.
We observed herein that clinical covariates accounted for less than 10% of CD34 ϩ cell variability, suggesting that genetic factors might affect CD34 ϩ cell frequency. We therefore performed a heritability analysis, which suggested that additive genetic factors accounted for more than 50% of the unexplained variation in CD34 ϩ cell number. To our knowledge, this is the first demonstration in humans that peripheral blood CD34 ϩ cell frequency is predominantly associated with heritable rather than clinical factors. Our approach to estimating the genetic effects on CD34 ϩ variation does not account for all of the possible shared environmental factors that could contribute to the heritability estimate. Nonetheless, we did observe that CD34 ϩ frequency was significantly correlated between siblings, but not between spouses, in our study sample.
To determine whether specific common genetic variants are associated with CD34 ϩ cell frequency, we performed a genomewide scan of possible contributory polymorphisms. We identified 4 loci demonstrating suggestive associations with CD34 ϩ (OR4C12, ENO1/RERE, DGKB, and DSC3). ENO1 codes for ␣-enolase and c-myc binding protein (MBP-1), which are involved in glucose metabolism and cellular growth regulation. 42 Modulation of ENO1-encoded proteins is implicated in cellular survival in the setting of hypoxia, suggesting that the ENO1 locus could influence the viability of CD34 ϩ cell development in the relatively hypoxic environment of the BM. RERE is notable for interactions with genes involved in hematopoiesis. This gene encodes a transcriptional repressor during embryonic development with putative roles in cell survival. In neuroblastoma cell lines, RERE colocalizes with the promyelocytic leukemia protein and overexpression of RERE recruits BAX to the nucleus, triggering cell death. 43 Although these connections are intriguing, the SNPs we identified await validation in an independent cohort. Additional associations may exist between CD34 ϩ cell frequency and polymorphisms that did not meet our threshold for statistical significance.
We recently reported the clinical and genetic correlates for an alternative "endothelial progenitor cell" phenotype, CFU, in the same community-based cohort. 44 Although some clinical correlations for CFU and CD34 ϩ frequency are shared (including inverse associations with age and female sex and positive associations with statin use), overall, there was no correlation between CFU and CD34 ϩ frequency (r ϭ 0.04). It has been suggested that a comparison of genetic factors associated with each phenotype would be For personal use only. on April 2, 2017. by guest www.bloodjournal.org From helpful in determining whether these 2 phenotypes are biologically distinct or similar. 45 Our genome-wide association study analyses of the CFU and CD34 ϩ phenotypes identified distinct sets of nonoverlapping genetic loci. Therefore, measuring 2 well-defined progenitor cell phenotypes in the same community sample clearly illustrates how the CD34 ϩ frequency and CFU reflect different cell populations and thus distinct biologic activities.
Several limitations of our study merit consideration. Although we analyzed CD34 ϩ cells, we cannot completely rule out a contribution to variation by changes in non-CD34 ϩ populations. Moreover, in the absence of markers specific to circulating progenitor cells with angiogenic capacity, available methods are recognized as having limited ability to differentiate true vascular precursor cells from other cell types with proangiogenic and vasculogenic properties. 46, 47 However, CD34 ϩ quantity is believed to represent both cellular and paracrine factors with angiogenic capacity and therefore provides a reasonable representation of angiogenic potential. The prevalence of active smoking was low in our study sample, which may have been at least partly because of underreporting. We expect that any imprecision regarding the ascertainment of smoking status would have biased the results of smoking analyses to the null. As in all heritability analyses, we cannot exclude the possibility that some of the heritability is attributable to unmeasured, shared environmental factors. To our knowledge, CD34 ϩ frequency has not been assessed in other large, community-based cohorts, likely because of the technical requirements of specimen handling and the specialized assays required. Therefore, incorporation of standardized protocols for obtaining samples suitable for CD34 ϩ and related cell-based phenotyping in future prospective cohorts appears warranted. Lastly, our study was limited to white subjects of European ancestry, so the generalizability of our main findings to other racial/ethnic groups is unknown.
In summary, the present study of clinical and genetic correlates of circulating CD34 ϩ cell frequency represents the largest to date in a community-based cohort. We have shown that CD34 ϩ frequency is associated with a subset of traditional cardiovascular risk factors and is higher in subjects taking statin medications. Furthermore, we observed that heritable factors contribute substantially more to variability in the CD34 ϩ phenotype than identifiable environmental or clinical factors. Although our genome-wide association study findings remain to be replicated, our data demonstrate the feasibility of using large, community-based cohorts to study stem and progenitor cell populations in humans. Such data will be highly relevant to both cardiovascular risk assessment and hematopoietic stem/progenitor cell research. Indeed, a further understanding of these processes could be used to develop strategies to ameliorate vascular ischemia or to enhance the collection of CD34 ϩ stem/ progenitor cell products for use in allogeneic stem cell transplantations for therapeutic interventions.
